ABSTRACT
INTRODUCTION
Three-and four-dimensional (3D/4D) ultrasound are performed increasingly during gynecological investigation, particularly in that for birth trauma and symptoms of lower urinary tract dysfunction [1] [2] [3] . As such, most available biometric data have been published by urogynecology units, typically including women who are parous and have symptoms of prolapse or other urogynecological conditions 4 . Early biometric research in nulliparous women is limited by small sample sizes 5 . The pelvic floor musculature (PFM) and levator hiatus have an important function throughout the life of a woman. The PFM provides a platform for the pelvic organs on which to rest, stretches during childbirth and is the largest potential herniation site in the body. Dysfunction in this muscle group can result in either overcontraction of the musculature leading to pelvic pain, or overdistension resulting in pelvic organ prolapse symptoms.
Given that the largest insult to the PFM is childbirth, nulliparous morphometry data help to shed light on the baseline measurements in women prior to this event. Previous work has modeled that the levator musculature is required to stretch to 3.2 times its normal length to accommodate vaginal delivery 6 . Not surprisingly, due to mechanical factors, this increase is even greater for women who have a forceps delivery 7 . In fact, pregnancy alone has been demonstrated to cause an overall increase in hiatal dimensions on Valsalva maneuver of up to 41% by the third trimester 8 . However, the primary impact is through vaginal birth, which may lead to irreversible overdistension and/or macroscopic tears (avulsion) 9 .
Increasingly, the PFM is implicated in the complex web of pelvic pain. Overcontraction of these muscles can be the cause of pelvic pain or occur as a result of central feedback from other causes of pain [10] [11] [12] . The application of 3D and 4D ultrasound to pelvic pain is an ongoing area of investigation, with early work demonstrating differences between cohorts with endometriosis, those with provoked vestibulodynia and those with pelvic girdle pain [13] [14] [15] . Given that pelvic pain has a high incidence in nulliparous women, baseline morphometry is required for comparison.
The association between body mass index (BMI) and pelvic floor dysfunction is well established, particularly in parous women [16] [17] [18] . The link in nulliparous women is less clear, although there is some evidence to suggest that in this group higher BMI increases the risk of rectocele 19 . Previously published biometric data from 4D ultrasound of the pelvic floor have demonstrated an association between higher BMI and increased levator hiatal area in a small sample of nulliparous women 20 . The main aim of this study was to identify the morphometric properties of the pelvic floor musculature in nulliparous women, and to compare them between those with and those without pelvic pain. We also sought to clarify the association of BMI and other variables, such as age, with the morphometry of the nulliparous pelvic floor.
METHODS

Study population
This study was conducted between January 2013 and November 2015 after receiving institutional ethical approval (HREC 12/194) . Nulliparous women presenting to either a public or private gynecology clinic were invited to participate in the study regardless of their reason for presentation. Exclusion criteria included current pregnancy, inability to understand written and spoken English and age < 18 years. Women with a prior pregnancy to < 20 weeks were not excluded.
Demographic details were recorded and a dynamic pelvic floor ultrasound examination was performed for each woman enrolled. Women were asked about their history of surgery, pain symptoms and participation in directed abdominal and PFM training (including pilates and yoga).
Pelvic floor ultrasound
3D and 4D ultrasound of the pelvic floor was performed as described previously 21 and is summarized here. All examinations were performed by a single operator (E.M.N.-H.) following a period of training from an expert in the field (H.P.D.). Interobserver reliability analysis was performed for the first 36 participants using intraclass correlation coefficients to determine agreement between measurements performed by E.N.H. and those performed by H.P.D. Previous studies examining interobserver repeatability of 3D and 4D ultrasound of the pelvic floor have shown good to excellent correlation for all measurements 5, 22, 23 . On completion of the study, interobserver reliability was reassessed in the first 36 patients, to confirm that there had been no deviation in performance over the course of the study.
Ultrasound volumes were captured using a Voluson 730E or E8 (GE Medical Systems, Zipf, Austria) ultrasound machine with a curved-array probe and acquisition angle of 70-85
• . Participants had an empty bladder and bowel, with any tampon or pessary removed. They were placed in the dorsal-lithotomy position with the ultrasound probe placed on the perineum in the midsagittal plane. Functional assessment of the pelvic floor included maximal pelvic floor contraction (three repetitions) and Valsalva maneuver (three repetitions).
Measurements
Analysis of ultrasound volumes was performed offline at a later date (on average 6 months following volume collection) by E.M.N.-H., blinded to the demographic details of each participant. Measurements were performed at rest, on maximal contraction (maximal narrowing of the levator hiatal area) and on Valsalva maneuver (maximal descent of organs). Standard measurements for each volume were performed in the plane of minimal hiatal dimensions ( Figure 1a ) and included levator hiatal area and anteroposterior (AP) and transverse diameters, and pubovisceral muscle length (measured as the external length of the pubovisceral muscle) and width measured at four intervals along the muscle and averaged. The performed measurements have been described in detail in previous work 21 . Figure 1b shows these measurements on a 3D rendered image.
In addition, levator ani muscle coactivation was assessed, as described previously, as being a reduction in AP diameter on Valsalva maneuver when compared with at rest.
Statistical analysis
Statistical analysis was performed using SPSS Statistics for Windows, Version 24.0 (IBM Corp., Armonk, NY, USA, 2016). Continuous data are expressed as mean ± SD or median (range). All data were assessed using the Shapiro-Wilk test for normality. Normally distributed data were compared using Student's t-test, and non-normally distributed data using the Mann-Whitney U-test. A P-value of < 0.05 was considered statistically significant for all tests. Linear regression analysis was performed to assess the association between demographic variables and levator hiatal area at rest.
Test-retest inter-rater reliability was analyzed using the intraclass correlation coefficient (ICC). ICC values < 0.20 were considered poor, 0.21-0.40 fair, 0.41-0.60 moderate, 0.61-0.80 good and 0.81-1.00 very good 24 . Sample size was calculated prior to carrying out the study, using previous work performed in women with provoked vestibulodynia 25 . To detect a difference in levator hiatal area of 1.06 ± 2.22 cm 2 with power of 80% and P < 0.05 in women with pelvic pain, a minimum of 140 patients were required. With a rule of thumb of 10-20 patients per variable for multivariate regression, and expecting some datapoints to be incomplete, we felt that the sample size of 368 women was more than adequate to detect a difference.
RESULTS
Interobserver reliability analysis was performed at the start of the study and was repeated by the assessor E.N.H. in the same group of 36 patients on completion of data collection. The early results showed good or very good agreement for all measures, and the repeat analysis demonstrated very good agreement for all measures except pubovisceral muscle width, which showed moderate agreement ( Table 1) .
All participants in the study were nulliparous, with 301/368 (82%) reporting no prior pregnancy. Median age was 33 (range, 26-40) years and BMI was 23 (range, 21-26) kg/m 2 . None of these women had symptoms of pelvic organ prolapse or a history of surgery for pelvic organ prolapse or urinary incontinence. A prior surgical diagnosis of endometriosis was reported in 42% of women. Functional assessment of the pelvic floor was performed in all women. Data were incomplete for 53 participants, either relating to technical issues with the ultrasound volume capture or poor-quality volumes; the latter was largely limited to the first group of women due to the learning curve. Data were available at rest for 315 women, on Valsalva maneuver for 341 and on contraction for 338.
Morphometry data are shown in Table 2 . Analysis was performed examining the group as a whole and, given the large proportion (77%) of women who complained of pelvic pain, we compared subgroups of women with and without pelvic pain. In this cohort, we found no statistically significant difference for any of the measurements at rest or on Valsalva maneuver, and the only difference in the contraction phase was a slightly smaller pubovisceral muscle width in the pelvic pain group.
Linear regression analysis was performed to assess the association between variables such as BMI, age, height and participation in PFM training activities and levator hiatal area at rest. A positive correlation was seen for both BMI and age, but not for PFM training or height ( Table 3 ), reflecting that women who are older and have a higher BMI will be more likely to have a larger levator hiatal area.
Levator ani muscle coactivation was present in 35% of the cohort of nulliparous women. When women with pelvic pain were compared with those without, there was no significant difference in rate of coactivation (pelvic pain, 34%; no pain, 37%; P = 0.70).
DISCUSSION
This study investigated hiatal dimensions in the largest cohort of nulliparae reported to date. We examined women attending a general gynecological practice and found lower values than any previous such study. The pelvic floor, in particular the dimensions of the levator hiatus, plays an important role in obstetric and gynecological practice. The levator hiatus is part of the abdominal envelope and is the largest potential hernia portal in the human body. On the one hand, hiatal dimensions are associated with progress in labor, on the other, they seem to play a major role in pelvic floor dysfunction, and pelvic organ and anorectal prolapse 26 . Nulliparous women have not been well studied in previous work using 4D ultrasound for the assessment of pelvic floor musculature, with only two published biometric studies including, respectively, 52 and 59 women 5, 20 in asymptomatic young nulliparae. Other work in this area includes two observational studies that compared, respectively, 50 and 35 nulliparous women with parous women who had pelvic organ prolapse 27, 28 . When comparing data from these studies with those presented here, hiatal areas were higher, especially on Valsalva maneuver (at rest they were 11.25 cm 2 in Dietz et al. 5 2 in the current study). In a series of 129 symptomatic nulliparae seen at a urogynecological service and assessed using the same methodology 29 , mean hiatal area on Valsalva maneuver was 17.2 cm 2 , which is much higher than the 11.95 cm 2 seen in the current study. A limitation of the present study lies in the population, as it is likely to be different from those in other reported series. While general gynecology clinics were used for participant recruitment, these are run by consultant gynecologists well known in the field of endometriosis and pelvic pain, with referral bias highly likely. Indeed, 42% of patients in the cohort had a surgical diagnosis of endometriosis, larger than the reported 11% in the general community 30 , and the prevalence of pelvic pain was very high at 77%. While the results from the subgroup analysis showed that pelvic pain did not seem to make much difference to the morphometry of the pelvic floor in this nulliparous cohort, potential selection bias may still have been present as we saw an affluent cohort of nulliparous women with a high prevalence of conditions associated with infertility.
The association between pelvic floor musculature and pelvic pain is recognized particularly for certain conditions, such as hypertonic pelvic floor, of which muscle spasm is a key part 10 . Recently, ultrasound data in women with endometriosis have also demonstrated alterations in pelvic floor morphometry, particularly in the subgroup of deep infiltrating endometriosis 31 . Generalized pelvic pain may also cause a reflex increase in pelvic floor muscle spasm, the extent of which is unknown. This implies that levator coactivation on assessment 32 may be highly likely in these women, explaining why discrepancies between our findings and data in the literature are particularly marked for levator hiatal area on Valsalva maneuver. However, despite this theoretical difference, when the pain and no pain groups were compared in the current study, we found no difference in all variables apart from the pubovisceral muscle in the contraction phase, and no difference in levator ani muscle coactivation. Again, this value was unexpectedly lower in the pain group in which we presumed muscle overcontraction could cause muscle thickening. Further investigation revealed that, in patients with chronic back pain, the lumbar multifidus muscles are smaller in their cross-sectional area with atrophic changes and fatty infiltration when compared with patients with no pain [33] [34] [35] [36] . This effect is thought to be secondary to reflex inhibition via the long-loop inhibition pathway 33 and may help to explain the reduction in width of the pubovisceral muscle in our pain cohort.
Yang et al. demonstrated an association between higher BMI and larger levator hiatal area 20 . Our work agrees with this finding. In addition, an association was demonstrated between age and larger hiatal area. In nulliparous women, vaginal delivery does not confound this measurement; hence, this association is more likely due to age-related tissue factors. However, all examined predictors are minor compared with the impact of childbirth on hiatal dimensions, especially in the case of forceps delivery 8, 37 . Even more obvious is the striking difference between hiatal dimensions seen in our population compared with those in women presenting to a urogynecological clinic 37 . Hiatal area on Valsalva maneuver seems to be about 2.5 times higher in such women 38 . This observation reinforces the need for proper pelvic floor assessment in all women presenting to gynecological services, something that is not taught routinely in our specialty. While hiatal dimensions cannot be assessed without imaging (as employed in this series), a close clinical approximation can be obtained using the genital hiatus and perineal body components of the pelvic organ prolapse quantification scheme 39, 40 . In conclusion, this large cohort study adds information to the expanding volume of data assessing PFM morphometry. Nulliparous women with and those without pain do not show significant differences for the majority of PFM biometric measurements. Increased age and BMI were associated with increased levator hiatal area, but pelvic floor muscle training was not found to have a significant effect. Hiatal dimensions in our general gynecology population tended to be much lower than those in urogynecology clinic populations.
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